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ABSTRACT

A combination of thermogravimetric analysis (TGA) and temperature programmed
decomposition (TPD) was employed to identify the outgassing species, the total amount of
outgassing, and the outgassing kinetics of high density polyethylene (HDPE) in a vacuum
environment. The isoconversional kinetic analysis was then used to analyze the outgassing
kinetics and to predict the long-term outgassing of HDPE in vacuum applications at ambient
temperature. H,O and C,Hy with n as high as 9 and x centering around 2n are the major
outgassing species from solid HDPE, but the quantities evolved can be significantly reduced by

vacuum baking at 368 K for a few hours prior to device assembly.
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INTRODUCTION

HDPE, [-CH,-CH,-] 4, is resistant to many solvents, has a higher tensile strength than
many polymers, and can withstand operating temperatures as high as 100 °C without damage.
HDPE finds use in a variety of applications, including containers, furniture, pipes, insulation for
heavy-duty electrical power cables, and vacuum devices. Outgassing from HDPE in vacuum
devices may lead to compatibility issues and even undesirable effects on electronic
components.' In this article, the investigation on the outgassing species, the total amount of
outgassing, and the outgassing kinetics of HDPE in a vacuum environment at moderately
elevated temperatures are reported. The long-term vacuum outgassing of HDPE at room
temperature is, then, predicted based on the measured outgassing kinetics and the
isoconversional thermal analysis method.”® Effective techniques to mitigate the outgassing will

also be presented.

EXPERIMENTS

The HDPE used in this investigation was manufactured by Simona America Inc. For a
typical TPD experiment, a thin slice of sub-millimeter thick HDPE was enclosed in a lcm’
platinum foil envelope to assure uniform heating. The side of the envelope facing the mass
spectrometer was thoroughly perforated. The loaded foil was then attached to a sample holder by
way of mechanical clamps and transferred into an ultrahigh vacuum (UHV) sample chamber
with a base pressure of 10 Pa through a differentially pumped load lock. In the sample chamber,
the sample holder sat on a rotatable XYZ manipulator. The sample temperature was measured
using a type K thermocouple inserted between the Pt envelope front surface and one of the

clamps holding the envelope. Heating of the sample was done by passing a current through a flat



spiral tungsten coil located 2 mm behind the sample. The sample chamber was connected
through a 6 mm diameter orifice with a separately pumped detector chamber equipped with a
quadrupole mass spectrometer. The base pressure in the detector chamber was usually a decade
better than that in the sample chamber. During the TPD experiment, the sample was positioned 2
mm away from the orifice, facing the detector chamber. This arrangement guaranteed that only
gases originating from the portion of the sample facing the 6 mm orifice contributed to the
signals detected by the quadrupole mass spectrometer. To compliment the TPD experiments, a
Cahn Versatherm vacuum microbalance with a base pressure in the range of 100 mPa - 200 mPa
was employed to obtain the weight loss of HDPE samples as a function of heating time and

temperature.

RESULTS & DISCUSSION

Mass spectra obtained from an empty platinum foil envelope and one containing a 0.7
mm thick HDPE sample, shortly after they reached a temperature of 340 K, are presented in Fig.
1(a) and (b), respectively. The signal intensities in these plots are not corrected for instrument
response due to the lack of proper calibration gases. From Fig. 1(a), H,, H,O, N», O,, and CO,
were the main background gases. The peak at ~73 atomic mass units (amu) was due to an
organic contaminant left in the mass spectrometer from previous experiments with silicones. The
fact that this 73 amu peak is seen in both the background spectrum and the HDPE spectrum with
similar intensities confirms that it did not originate from the HDPE sample. C,Hy species with n
as large as 9 and x centering around 2n were clearly associated with the outgassing of the HDPE
sample [Fig. 1(b)]. The mass spectrometer signal strengths of the C,Hy species strongly

decreased with increasing n. C,Hy species with low values of n have been reported to originate



from weak link sites inherent to the polymer (due to oxidation during the polymerization
process).”'! The H, and O, signal intensities in the mass spectrum of the HDPE sample [Fig.
1(b)] are about the same as those of the background [Fig. 1(a)], suggesting that the HDPE sample
did not outgas H; or O, after 30 minutes in UHV prior to the start of the heating and mass
spectrum acquisition. Similar to the case of hydrogen and oxygen, N, and CO,, being nonpolar
gases, are expected to be easily removed from the HDPE after 30 minutes of vacuum pump. In
Fig. 1(b), a hydrocarbon peak is seen to coincide with the N, background peak. This makes this
peak appear to double its intensity in comparison with the N, signal in the background spectrum
[Fig. 1(a)]. The H,O signal intensity from the HDPE sample is much stronger than that in the
background spectrum, indicating that the polar H,O molecules, hydrogen-bonded to each other
and/or to oxygen-containing defects in HDPE [e.g. -CH,-CO-CH,-, -CH,-COH-CHs;-, or -CH,-
O-CH,-], were not as readily pumped out of the HDPE network as nonpolar gases.lz’13 The
hydrocarbon peaks identified in Fig. 1(b) are consistent with the desorption of various alkanes
and alkenes as reported in the decomposition of polyethylene at higher temperatures.'*'®
Unfortunately, the large number of overlapping peaks in the mass spectrum of these compounds
makes it extremely difficult to quantitatively identify the C,Hy species without proper calibration
gases.

In Fig. 2 (a) and (b), the TPD spectra, at a heating rate of 0.03 K/s, of H,O and C,H
where n =4, 6, 7 and x = 2n are plotted as a function of temperature. At a heating rate of 0.3 K/s,
the thermal desorption of the hydrogen-bonded H,O molecules from HDPE appeared to be
completed at 370 K while C,Hy species still strongly desorbed. So, the outgassing of C,Hy

species from the HDPE structure has a much higher activation energy barrier than that

corresponding to the thermal desorption of hydrogen-bonded H,O molecules. The



experimentally measured thermal desorption activation energy for hydrogen-bonded water from
polymeric materials is on the order of 36.4 kJ/mol with a first-order pre-exponential factor of
1.3x10° 57" '® This translates to a complete vacuum desorption of hydrogen-bonded water
molecules from within solid polymers in less than a day even at room temperature.'” '®

From the TPD spectra in Fig. 2(b), the hydrocarbon signals are seen to have the same
temperature dependence, reaching a maximum at ~ 370 K, then declining, but not disappearing.
A possible cause for the similarity in the TPD spectra of the different C,Hy species may be the
desorption of only one or two large species (e.g. 1-octene, CgH 6, and 1-nonene, CoH,5) from
HDPE with increasing temperature.'” The series of hydrocarbon signals observed in Figs. 1 and 2
would then be a result of the cracking of 1-octene and 1-nonene in the ionizer of the quadrupole
mass spectrometer. But it might also be that the structural changes in the HDPE near its melting
point promote the release of multiple C,Hy species with n < 9 from weak link sites.”'" "*

From Fig. 2(b), the evolution of C,Hy species with increasing temperature seems to be in
unison with one another, albeit with different intensities. So the outgassing kinetics for the C,Hy
species can be approximated by analyzing just the strong C4Hg signal [see Fig.1(b) and Fig.
2(b)]. Note that since the focus of this work was on the outgassing of solid HDPE in vacuum

applications at or a little above ambient temperature, behavior above the melting point (~ 405 K)

was not considered. The rate equation for a solid-state reaction can be approximated by:>

da e

—=k.f(a)=v.e M f(a) (1)
dt

where t is time; « is the reacted, desorption, outgassing, or decomposition fraction (0 to 1); & is

the rate constant; v is the pre-exponential factor which includes many constants describing the

initial state of the sample such as three dimensional shape factors of initial particles, molecular

mass, density, stoichiometry, active surface factors, number of lattice imperfections, and so



forth; E is the activation energy for the rate controlling process; R is the gas molar constant, 7 is
temperature in Kelvin; and f{@) is an analytical function determined by the rate-limiting reaction

mechanism.

With a heating rate of f =dT / dt :

da _|v . | -a
E{ 5 f(a)} e @)

At maximum conversion rate or peak position 7),:

d(da)
d—r(d—rlp - ©

Sorting through the algebra:

i)

The term (— di{ f (a)}j implies the derivative of f{a) with respect to a and evaluated at oy,
a amax

which is the fractional extent of conversion value corresponding to the maximum rate

temperature 7,. Equation (4) is known as the generalized Kissinger equation.”** A plot of

h{TﬁJ vs. T p" yields the activation energy barrier £E. From equation (4) and the TPD spectra of

2
p

C4Hg (56 amu) at three different heating rates [Fig. 3(a)], an activation energy barrier of ~ 142.5
kJ/mol is obtained and presented in Fig. 3(b). However, unless one already knows what is the
rate limiting step or equivalently which form of f{ @) to use in equation (4), kinetic prediction will
be cumbersome.

In contrast to the generalized Kissinger analysis, which only deals with the peak of

da/dT, the Friedman isoconversional analysis evaluates the whole da/dT vs. T curve.’ Upon



taking the natural logarithm on both sides of equation (1), the Friedman isoconversional analysis

yields:

da E
ln(zj = “RT + ln{uf(a)} (5)
A plot of In(da/dt) vs. T A at some « value for a set of B values has the slope —E/R.> A plot of E
vs. o is thus obtained by repeating the above procedure at other chosen a values between 0 and 1.
In Fig. 4, a plot of the variation of £ with respect to a for the outgassing of C,Hy from HDPE is
presented. The isoconversional analysis shows that the activation energy barrier for the
outgassing from HDPE varies somewhat from 150 kJ/mol down to 115 kJ/mol over the course of
the outgassing process, in general agreement with the value obtained from the Kissinger analysis.
Note that both £ and {vf{a)} can be obtained from the Friedman method based on the

slopes and the intercepts of equation (5) at each value of a. The time prediction ¢, for a specific

conversion « to be reached at the isothermal temperature 7, can be obtained, without any

knowledge of the exact form of f{a), from the rate equation (1) as following:
¢ K da

t, = [dt = [—— (6)
0 0

The isoconversional kinetic predictions for the outgassing of C,Hy species from HDPE, based on
equation (6), at 323 K and at 333 K are shown in Fig. 5. Vacuum baking at 323 K and 333 K for
48 hours should remove fractions of 0.47 and of 0.76 of the total outgassing potential,
respectively.

In order to make a correlation between the outgassed C,Hy species and the percentage of
HDPE weight loss due to this outgassing, a vacuum microbalance was employed to obtain the

weight loss as a function of heating time at 323 K and 333 K (Fig. 6). In order to completely



remove all trapped gases like Hy, N, O,, CO,, and H,O, HDPE samples for the isothermal
vacuum weight loss experiments were pumped for 24 hours at room temperature prior to the start
of the measurements. The temperature spike at around 31 hours into the isothermal weight loss
experiment at 323 K was due to a glitch in the feedback loop for the computer controlled heating
program. The relatively sharp weight drop in Fig. 6(a) at 31 hours is a result of this temperature
spike. The correlation between the outgassed C,Hy species and the percentage of HDPE weight
loss due to this outgassing was accomplished by determining the multiplicative factor that would
allow good overlaps of the a vs.  curves from the isoconversional kinetic predictions (Fig. 5)
and the weight loss percentage vs. t curves from the vacuum microbalance experiments (fig. 6).
The fits are presented in Fig. 7. The correlation obtained from this matching is:

Percentage wt. loss = /(4.8 £ 0.6).

Now that a correlation has been made between a and the percentage of weight loss from HDPE
due to vacuum heating, predictions for the outgassing kinetics of HDPE in terms of weight loss
can be made. Weight loss predictions for HDPE at 298 K and 368 K after 24 hours of vacuum
pumping at room temperature (to remove all trapped gases like H,, N;, O,, CO,, and H,O) are
presented in Fig. 8. It is seen that vacuum baking HDPE at 368 K for 16 hours would remove
most of the potential outgassing that would otherwise slowly evolve over many years at 298 K in
vacuum applications. Even mild vacuum baking at 343 K for 16 hours was reported to be enough
to cut down the total outgassing and outgassing rate significantly.” The maximum outgassing
weight loss from solid HDPE due to the release of C,Hy species is ~ 0.21 £ 0.02 wt%

(corresponding to &= 1) over 12 years at room temperature.

CONCLUSION



A combination of vacuum microbalance and mass spectrometry based techniques has
been employed to identify the outgassing species as well as the total amount of outgassing from
HDPE under vacuum. After 30 minutes of vacuum pumping, the HDPE samples under
investigation were free of inert nonpolar gases like H, N, O,, and CO,, which were present in
the storage atmosphere. Even H,O molecules hydrogen-bonded to each other and/or to oxygen-
containing defects in HDPE could be removed from HDPE in less than a day of vacuum pump at
room temperature. Thereafter, the majority of the outgassing species were C,Hx withn=2t0 9.
The total hydrocarbon outgassing at room temperature was ~ 0.21 + 0.02 wt.% of HDPE, and
had an activation energy barrier of about 150 kJ/mol near the beginning of the outgassing
process but reduced to 115 kJ/mol near the process completion. Isoconversional kinetic
predictions suggest that much of the outgassing takes place slowly over many years at room
temperature. However, if HDPE parts are vacuum baked at 368K for 16 hours, most of the

potential outgassing can be eliminated.

REFERENCES

! K. Chung, K. Ianakiev, M. Swinhoe, M. Makela, Nuclear Science Symposium Conference
Record, 2005 IEEE, vol. 3, p. 1255 - 1257.

? Viet Nguyen-Tuong, J. Vac. Sci. Technol. A 11, 1584 (1993).

3 H. L. Friedman, J. Polym. Sci., Part C: Polym. Symp. 6, 183 (1963).

* A. K. Galwey, M. E. Brown, Thermal Decomposition of Ionic Solids (Elsevier, New York,

1999), Vol. 86, p. 139-165.



L. N. Dinh, A. K. Burnham, M. A. Schildbach, R. A. Smith, R. S. Maxwell, B. Balazs, W.
Mclean II, J. Vac. Sci. Technol. A 25, 597 (2007).

® A. K. Burnham, L. N. Dinh, J. Therm. Anal. Cal. 89, 479 (2007).

7'S. L. Madorsky, Thermal Degradation of Organic Polymers, Interscience Publishers, New
York (1964).

S L. Reich, S. S. Stivala, Elements of Polymer Degradation, McGraw-Hill, New York (1971).
° W. Schnabel, Polymer Degradation: Principles and Practical Applications, Macmillan, New
York (1981).

0T, Kelen, Polymer Degradation, Van Nostrand, New York (1983).

"'N. Grassie, G. Scott, Polymer Degradation and Stabilization, Cambridge University Press,
Cambridge (1985).

2 A, Adamson, in Water in Polymers, C. P. Rowland, Ed., Washington: Am. Chem. Soc. (1980).
13'S. F. Grebenikov, T. V. Smotrina, A. Yu. Kuznetsov, T. A. Anan’eva, Colloid Journal 67, 542
(2005).

14 Z. Dolezal, V. Pacakova, J. Kovarova, J. Anal. Appl. Pyrolysis 57, 177 (2001).

571.D. Peterson, S. Vyazovkin, C. A. Wright, Macrolmol. Chem. Phys. 202, 775 (2001).

'® A. Marcilla, A. Gomez-Siurana, D. Berenguer, Polym. Degrad. Stabil., article in press.
7L.N. Dinh, M. Balooch, J. D. LeMay, J. Colloid Interface Sci. 230, 432 (2000).

BLN. Dinh, M. A. Schildbach, R. S. Maxwell, W. J. Siekhaus, B. Balazs, W. McLean II, J.
Colloid Interface Sci. 274, 25 (2004).

 NIST Mass Spec Data Center, S. E. Stein, director, “Mass Spectra”, in NIST Chemistry

WebBook, NIST Standard Reference Database Number 69, Eds. P. J. Linstrom and W. G.



Mallard, June 2005, National Institute of Standards and Technology, Gaithersburg, MD, 20899
(http://webbook.nist.gov).

2 H. E. Kissinger, J. Res. Natl. Bur. Stand. 57, 217 (1956).

I H. E. Kissinger, Anal. Chem. 29, 1702 (1957).

22 J. P. Elder, J. Therm. Anal. 30, 655 (1985).

FIGURE CAPTIONS

Fig. 1: The mass spectra obtained by heating a platinum foil envelope (a) and a 0.7 mm thick
HDPE sample inside a platinum foil (b) at 340 K.

Fig. 2: The evolution of H,O (a) and C,Hx where n =4, 6, and 7 (b) as a function of temperature
at a heating rate of 0.03 K/s.

Fig. 3: TPD spectra of C4Hs at three different heating rates (a) and the activation energy barrier
determination for the release of C,Hy according to the generalized Kissinger equation (b).

Fig. 4: The variation of E with respect to a for the outgassing of C,Hy from HDPE.

Fig. 5: The isoconversional kinetic prediction for the outgassing of C,Hy species from HDPE,
based on equation (6), at 323 K and at 333 K.

Fig. 6: The weight loss of HDPE due to the outgassing of C,Hy species as measured by a
vacuum microbalance at 323 K (a) and 333 K (b). The HDPE samples had been vacuum pumped
for 24 hours at room temperature to remove all trapped gases like H,, N,, O,, CO,, and H,O.

Fig. 7: Matching the a vs. ¢ curves from the isoconversional kinetic predictions and the weight

loss percentage vs. t curves from the vacuum microbalance experiments at 323 K (a) and 333 K

(b). The correlation obtained from this matching is: Percentage wt. loss = /(4.8 £ 0.6)



Fig. 8: Predictions for the outgassing kinetics of HDPE in term of weight loss at 298 K (a) and

368 K (b) after 24 hours of vacuum pump to remove all trapped gases like H,, N», O,, CO,, and

H,0. The weight loss presented here is completely due to the outgassing of hydrocarbons.
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